ABSTRACT A new permanent magnet retarder (PMR), which based on the principle of eddy-current braking, is proposed as an auxiliary braking apparatus for heavy vehicles. Its braking torque can be stepless adjusted by the adjustment mechanism. A multi-physics field coupling model of the retarder was established, which includes electromagnetic field, thermal field, and fluid field. The distributions of the three fields were calculated using the finite-element method. To predict the demagnetization of the permanent magnet, a new analysis method of the permanent magnet irreversible demagnetization is proposed, which uses the dynamic air-gap flux density simulated under various temperature B-H curves and the relationship between the braking torque, as well as the square of air-gap flux density. The braking torque and temperature rise of the PMR were tested on the bench. The bench test results show that the braking torque calculated by the multi-physics coupling method agrees better with the experimental data, and the high-temperature irreversible demagnetizations of the permanent magnet occurred by the enormous heat generated during continuous braking. The vehicle test results show that the braking distance can be shortened by 34% after using the PMR, and the braking deceleration is increased by 1.05 m/s 2 . The proposed PMR can meet the requirements of auxiliary braking for heavy vehicles.
I. INTRODUCTION
The permanent magnet retarder (PMR) is one of the auxiliary braking systems, which can improve the braking performance of heavy vehicles when they go down a long slope [1] - [3] . This type of retarder has much more of an advantage when it comes to simplicity and compactness than the conventional ones because it does not require any auxiliary power supplies to form the magnetic field like the electromagnet type [4] , [5] . Therefore, it has an extensive development and application prospect.
The braking performance of the PMR is decreased, due to the overload and continuous braking heat during the operation of heavy vehicles. Thus, many models and calculations have been utilized to predict the braking performance of PMR. Nehl et al. [6] reported the 2-D finite element modeling of the PMR. Takahashi et al. [7] optimized the PMR using 3-D finite element methods.
Zhao and Ji [8] solved the eddy current field of the PMR by the Rogowski method and gave the expression of braking torque. Liu and Ren [9] focus on the calculation of retarder braking torque, rotor temperature analysis, thermal-magnetic coupling field analysis, and the test method of the PMR bench.
Many scholars were devoted to the multi-physics coupling analysis of permanent magnet synchronous machine. Zhang et al. [10] used a fluid-thermal coupling method to analyze the temperature distribution of high-speed permanent magnet synchronous machine. Park et al. [11] introduced a 3D coupled analysis of the electromagnetic and thermal transient phenomena using finite element analysis (FEA). Canova and Vusini [12] presented a detailed analytical study of rotational eddy-current couplers. However, the two-way coupling method is less used in studying the multi-physics coupling of the retarder.
High temperatures, during the continuous braking of the PMR, may bring irreversible demagnetization of permanent magnets (PMs), which means that PMR performance cannot be recovered at a normal temperature. Generally, the braking torque is affected by PM demagnetization about 10%, which makes it difficult to study the influence of irreversible demagnetization on dynamic braking torque. There are some reasons that demagnetization is difficult to predict in actual tests: 1) the test environment factors have a significant influence on the braking torque, such as temperature, air-gap and rotational speed [9] ; 2) the rotating eddy current plate is difficult to maintain a certain temperature; 3) Reverse magnetic flux induced eddy current can change the PM working point when the retarder works. In [10] the eddy current brake is deduced using Maxwell's equations and the layer theory approach, and the precision is verified using the 2D finite element magnetic field simulation. In [11] torque analysis with PM using semi-three-dimensional (3-D) analytical magnetic field calculations are presented. However, theoretical analysis about high-temperature irreversible demagnetization and braking torque of PM is less analyzed.
This paper proposes a new PMR whose braking torque can be step-less adjusted by adjusting the size of air-gap. The PMR's electromagnetic, thermal and fluid field model was established. Electro-magnetic-thermal-fluid multi-physics coupled field was solved by the two-way coupling method. The test of bench verifies the precision of the two-way coupling method for calculating the braking torque. The relationship between braking torque and the dynamic air-gap magnetic density square are simulated by using the PM B-H curve. A method for evaluating irreversible demagnetization of braking torque is proposed, and tests verify the feasibility of the method. Thus, it is possible to predict the irreversible demagnetization of PM during the design stage. The result of the vehicle test shows that the proposed PMR can effectively improve the braking performance, and it helps to solve the degradation problem of the braking performance.
II. DESIGN A. STRUCTURE
A new PMR is proposed, as shown in the Fig.1 . The PMR consists of two PM disks, two eddy current plates, and a braking torque adjustment mechanism. The PM disk includes PM, protective plate and an iron yoke. The PMs are mounted on the iron yoke by N and S poles alternately. The eddy current plate is connected to the vehicle drive shaft and the transmission output shaft. There are many fins on the eddy current plate, which dissipate heat by air-cooling. There is an axial working air-gap between the eddy current plate and the PM disk. The braking torque adjustment mechanism is composed of a cylinder and a ball connecting rod. The cylinder is fixed on the frame, and the ball connecting rod is joined with the iron yoke. Based on the lever principle, the air-gap can be adjusted by controlling the axial movement of the cylinder. The magnetic field strength of the induced magnetic field is weakened with the increase of the air-gap so that the braking torque is step-less adjusted.
B. BRAKING TORQUE ADJUSTMENT MECHANISM DESIGN
When the retarder works, PM, iron yoke, eddy current plate and air-gap form a closed magnetic circuit. The eddy current plate cuts the magnetic lines of the PM. The magnetic field generated by the induced eddy current interacts with the magnetic field of the PM. Therefore, the braking torque is generated.
The braking torque adjustment mechanism needs to overcome the suction force F 1 between the PM disk and the eddy current plate to change the air-gap. According to Maxwell suction force formula of small air-gap:
Where, B 0 is the air-gap flux density, S is the air-gap flux area, µ 0 is the air-gap permeability. The driving force F 2 of the ball connecting rod comes from the cylinder, and the resistance comes from the suction force between the PM disk and the eddy current plate. Fig.2 shows the ball connecting rod force diagram. When F 2 ×b > 2 F 1 × a, the ball connecting rod will rotate around the fixed axis, pushing away the PM disk.
The static and transient suction force of the retarder was calculated by the finite element method. Fig.3 shows the relationship between the suction force and the length of the air-gap. As the length of the air-gap increases, the suction force gradually decreases. At the same air-gap length, the transient suction force (eddy current plate speed of 750 and 1500 r/min) becomes smaller than the static suction force state due to the reaction of induced eddy current. 
C. VEHICLE KINETICS MODEL
Two cases analysis of a vehicle equipped with PMR are as follows: one only uses PMR braking, while the other uses a blend of friction brake and PMR. 
where, G is the gravity of the vehicle, N; α is the slope, ( • ); F j is the inertial resistance of the vehicle deceleration, N. F f is the rolling resistance of the vehicle, N. F PMR is the braking force of the retarder on the vehicle. F w is the vehicle air resistance, N.
Especially, the F PMR is:
Where, i g is the transmission ratio; i 0 is the final driver ratio; η is the transmission efficiency of the retarder to the brake wheel. Fig.5 shows the force diagram of the wheel under blend brake. According to Newton's second law and moment balance equation:
Where, v is the speed (m/s). m is the mass of the vehicle that the wheel is subjected (N). Fg is the weight of the vehicle that the wheel is subjected (N). α is the angle of the downhill ( • ). T k is the braking torque of the wheel (N·m). T r is the rolling torque of the wheel (N·m). T PMR is the braking torque of the retarder on the axle (N·m). δ is the conversion coefficient of rotating mass. J is the inertial moment of the wheel (kg·m 2 ). ω the angular velocity of the wheel (rad/s); r is the radius of the brake wheel, m. The resultant moment of the wheel T is:
When the PMR is not used, the T PMR = 0. The braking deceleration of the wheel is:
III. MAGNETIC MODELING A. ELECTROMAGNETIC FIELD MODEL
In the electromagnetic field model of the PMR, the displacement current in the eddy current plate is ignored. Maxwell's equations can be expressed as:
where, H is the magnetic field strength, J is the current density, E is the electric field strength, and B is the magnetic flux density.
When the retarder is working, the air-gap magnetic field is composed of the magnetic field generated by the PM and the eddy current. The flux density is given by:
where, B δ is the air-gap flux density, B 0 is the flux density of the PM field in the air-gap, B i is the flux density of the eddy current magnetic field in the air-gap, σ is the electrical conductivity, and µ is the magnetic permeability.
The eddy current density J in the stator is given by equation (9) and equation (10):
The power loss of the retarder P can be obtained by induced eddy current density J.
Where, V is the volume of eddy current plate, and ρ is the resistivity of eddy current plate.
The relationship between the braking torque T and the power loss of the eddy current plate P is:
B. ELECTROMAGNETIC FIELD NUMERICAL MODEL
The PMR was modeled and analyzed using the expansion method. The calculation model is shown in Fig.6 . The structural parameters of each component are shown in Table 1 . According to the structural parameters in Table 1 , the electromagnetic field numerical calculation model of the retarder is established, and the fins on the eddy current plate are simplified in the model, which leaves out the nonmagnetic protective plate. The three-dimensional model is shown in Fig.7 (a) . According to the periodicity of the model, the anti-symmetrical period condition is set, and 1/20 of the overall model is solved. The 3D meshed model is shown in Fig.7 (b) . Considering the skin effect of eddy current, boundary layer mesh of three layers was set, as shown in Fig.7 (c) . The thickness of the boundary layer mesh is the equivalent skin depth of eddy current, which is calculated as: Where, ω is the rotational angular velocity of the eddy current plate. Fig.8 shows the air-gap flux density distribution at different air-gaps, and the rotation speed is n = 1500r/min. Fig.9 shows the eddy current density distribution at different air-gap. As the air-gap increases, the eddy current density and the power loss decrease. Fig.10 shows the braking torque simulation curve at different air-gaps, which don't consider the influence of temperature.
IV. THERMAL-FLUID MODELING A. THERMAL-FLUID FIELD MATHEMATICAL MODEL
The following assumptions are made to simplify the calculation model: (1) Each component is isotropic heat-conducting, VOLUME 7, 2019 FIGURE 9. The eddy current density distribution at different air-gap. (2) The components are tightly contacted, and they don't consider the thermal resistance of the contact surface, (3) The ambient fluid is dry air at standard atmospheric pressure, and the temperature remains constant.
By considering the skin effect of eddy current braking, the eddy current plate can be divided into the heat source area and the non-heat source area. It is assumed that the heat is only distributed in the heat source area, which is the equivalent skin depth of the eddy current. The thermal-fluid model is established, as shown in Fig.11 . The heat is transferred the eddy current plate to the contact parts by conduction. The basic equation is:
Where, Q c is the heat flux, W; λ is the thermal conductivity, W/ (m·K); A is the conduction area, m 2 ; t m is the average temperature difference, • C; l is conduction distance, m.
The heat transfer between parts and air is mainly carried out by convection and radiation. The basic equation is:
Where, Q d is the transferred heat, J; A is the transfer area, m 2 ; ε is the surface emissivity; C s is the blackbody radiation constant; h c is the convection coefficient, W/ (m 2 · • C); T w and T f are the temperature of the surface and the ambient air, respectively, • C.
B. THERMAL-FLUID FIELD NUMERICAL MODEL
The simulation model of the thermal-fluid field includes the eddy current plate, the PM, the iron yoke, the cooling fins, protective plate, and the ambient fluid, as shown in Fig.12 (a) . Fig.12 (b) shows the 1/4 CFD model, including the PMR and the surrounding air. To determine the boundary conditions, we assume that the air region near the eddy current plate is the moving air domain, which rotates with the eddy plate. The region outside the moving air domain and near the PM disk is a static air domain. Because the two planes in contact with the air gap are both smooth, it is assumed that half of the air gap is static and half is moving at the axial direction. The Reynolds number R e in the air gap can be obtained by:
Where, D is the external diameter of the eddy current disk, n e is the air flow rates, and γ is the viscosity of air. The CFD model involves rotational flow, and the RNG k-ε turbulence model is introduced. The RNG k-ε model is illustrated as follow:
50738 VOLUME 7, 2019 Where, k is the turbulence kinetic energy, and ε is the dissipation rate. ρ is the fluid density. G k is the generation of turbulence kinetic energy due to the mean velocity gradients. G b is the generation of turbulence kinetic energy due to buoyancy. Y M is the contribution of the fluctuating dilatation incompressible turbulence to the overall dissipation rate. C 1ε , C 1ε , and C 1ε are constants. σ k and σ ε are the turbulent Prandtl numbers for k and ε, respectively. Table 2 shows the thermophysical properties of the parts. Some physical properties of fluid will vary with temperature. As shown in Fig.13 , the dynamic viscosity and thermal conductivity of air increase with the increase of temperature. The power loss is calculated as the heat source, the heat generation rate formula is:
Where, V is the volume of eddy current region. The numerical simulation of the transient thermal-fluid field is carried out with the condition of the ambient temperature of 30 • C, the air-gap is 9mm, and the continuous braking rotational speed is 750r/min. Fig.14 shows the fluid field distribution results. Fig.14 (a) shows air velocity. Fig.14  (b) shows the thermal conductivity between the solid parts and the fluid region in detail. The more significant the thermal conductivity is, the better the heat dissipation performance of the eddy current plate. The thermal conductivity on the cooling fins is notably better than that of the other side of the eddy current plate. The thermal conductivity between the two cooling fins is slightly smaller than that of the other side of the eddy current plate. The temperature distribution of each part at the 12th minute is obtained, as shown in Fig.15 . The equipotential line of temperature is the effect of heat dissipation from the cooling fins. The maximum temperature of the eddy current plate is 367 • C. The maximum temperature of the PM is 47 • C, which does not exceed the maximum working temperature of Nd-Fe-B 50M. It is assumed that the retarder continues to brake within 0 to 12 th minutes and does not brake within 12 th to 40 th minutes. From Fig.16 , we can see that: 1) When l = 9mm, the average temperature of the heat source area in the eddy current plate reached 367 • C at the 12 th minute. After 20 th minutes, the temperature decreases slowly to 42 • C at the 40 th minute. 2) When l = 6mm, the temperature of PM rises to 80 • C at the 12 th minute. 3) When l = 3mm, the temperature of PM exceed t w = 100 • C at the 8 th minute, and the temperature reaches 149 • C at the 12 th minute. The irreversible demagnetization of PM may occur, and the performance of continuous braking is weakened. The air-gap cannot be less than 6mm when the braking time is over 12 minutes.
V. MULTI-PHYSICAL FIELD COUPLING A. ANALYTICAL METHOD
To obtain an accurate braking torque characteristic, the multiphysics model of electromagnetic, thermal, and fluid fields is established by the two-way coupling method. The coupling calculation is done using a numerical simulation method. The calculation flow is shown in Fig.17 . It is clear that the two-way coupling method is closer to reality, and the traditional coupling method cannot iteratively calculate the influence of eddy current on temperature. However, the traditional coupling method can get the calculation result faster. The two-way coupling calculation process is described as follows: 1) at the beginning, we established a finite element model of the electromagnetic field and thermal field. The eddy current brake power loss is used as the heat source to calculate the thermal field. The σ and the µ of the eddy current plate material are obtained after the temperature has been updated. The electromagnetic field is recalculated based on the influence factor of σ and µ. After iterative calculations, the working temperature error is less than k, and the calculation is stopped. 2). Fig.19 shows the demagnetization curve of PM Nd-Fe-B 50M.
In the electromagnetic field calculation, the air-gap flux density is calculated from the main flux density and the eddy current flux density. The nonlinearity of the µ (B-H curve) and temperature effect are considered in the iterative process. Also, the change of magnetic field intensity should be taken into account when the temperature of the PM changes.
3) The relationship between the conductivity of the eddy current plate and its resistance is:
The resistance changes linearly with temperature.
Where, R and R 0 are the resistance value at temperature t, and t 0 , respectively, and α t is the temperature coefficient of the resistance. 4) In the thermal field calculation, the heat transfer between solid and fluid is carried out by convection, radiation, and conduction. The iterative calculation is carried out until the temperature is convergence. Fig.20 shows the moving trace of the PM working points. When the air-gap is 3mm, the eddy current plate is static, and the PM temperature is 20 • C, the PM working point is at A. Firstly, when the air-gap is increased to 6mm, the point moves from A to B because of reversing flux. Secondly, when the eddy current plate rotates to 1200rpm, it moves from B to C. At 4.5minutes, and the PM temperature rises to 100 • C, it moves to D. At 9minutes, the PM temperature reaches 120 • C, the working point crosses the knee point and reaches E. If the air-gap decreases at the moment, the PM working point cannot track back to the original B-H curve, but reaches the point F. That will lead to the PM irreversibly demagnetize. The PM temperature reaches 126 • C at the condition if the eddy current plate speed is 1200r/min, the air-gap is 6mm, and the braking is continued for 12 minutes. Fig.21 shows the air-gap flux density three-dimensional distribution after continuous braking.
B. PM DEMAGNETIZATION ANALYSIS
In the middle position of the X direction, the flux density distribution of the air-gap is shown in Fig.22 .
It is known that the magnetic field intensity of the PM is affected by the reverse magnetic field of the eddy current. The flux density of one side increases, and the other side decreases. The variation range is B = 0.13T.
Based on the mathematical model of the electromagnetic field, the braking torque T , the rotational speed n and the air-gap flux density B can be expressed according to equations (10), (11) and (12) .
So we can write:
where, T and T are the braking torque at 20 • C and 120 • C, respectively, B 2 and B 2 are the air-gap flux density at 20 • C and 120 • C, respectively. The numerical simulation of the above two cases is carried out, taking N points to analyze, we obtained the equation:
The data of 900 points in the Fig.21 is selected in the middle of air-gap, including 20 points at the circumferential direction and 45 points at the radial direction uniformly. The 900 sets of data were drawn into Table 3 . It shows a comparison of simulation data of air-gap flux density at 20 • C and 120 • C.
According to Table 3 , compared with the working conditions of 20 • C, the air-gap flux density decreases at each point when the temperature is 120 • C. Table 4 shows the comparison of simulation data of average air-gap flux density at 20 • C and 120 • C. Table 5 shows the comparison of simulation data of braking torque at 20 • C and 120 • C. It is known that the air-gap flux density and braking torque are all reduced, and the PM demagnetization has occurred.
Comparing Tables 4 and 5 , the decreased rate error may be caused by incomplete sampling points, and the square of the flux density is not proportional to the braking torque after the temperature reaches a setting value.
VI. EXPERIMENT A. RETARDER BENCH TEST 1) RETARDER BENCH TEST DESIGN
The test bench of PMR is mainly composed of a driving system and a measurement system. It includes a driving motor, clutch, transmission, PMR, torque speed sensor, data collection system, a temperature sensor (including thermocouple type and infrared non-contact) and Tesla meter. The test bench can meet the requirements of different test modules, as shown in Fig.23 and Fig.24 . A PMR prototype was manufactured to analyze the braking torque characteristic, the temperature-rise characteristic, and the continuous braking characteristic. The parameters such as rotation speed, braking torque, temperature, and flux density are acquired by using related instruments.
2) CONTINUOUS BRAKING CHARACTERISTICS TEST
To study the ability to maintain a constant speed downhill and the temperature rise of the retarder, the continuous braking test was performed. The test conditions were: the rotation speed is 750r/min, the air-gap is 9mm, and continuous braking time is 12 minutes. Fig.25 shows the curve of braking torque temperature-time characteristic. As can be seen from the Fig.25: 1) the temperature of the eddy current plate monitoring point tends to be stable after 8 minutes, and the maximum temperature reaches 260 • C. The temperature of the PM disk rises to 60 • C in the 12th minute, and the braking torque decreases by 32%.
2) The simulated values of the temperature of the eddy current plate and the PM disk are in good agreement with the test value. The maximum error is 9.5%, which may be due to assemble and temperature measurement error. Fig.26 shows the comparison between simulation and test results of continuous braking torque. The braking torque curve of continuous working speed of 750r/min can be obtained when the air-gap is decreased from 35mm to 3mm. The sample points of air-gap are selected from 35mm to 3mm for a bench test, and the continuous braking torque at a rotation speed of 750r/min are recorded. The maximum error of the simulation value and the test value is 38%. The simulation value of braking torque, considering the influence of temperature based on the multi-physics coupling method, agrees better with the test value. Nevertheless, there is still some error, and the maximum is 8.6%. The error may be due to the partial demagnetization of PM caused by high temperature and the simplification of the model. The temperature of the PM Nd-Fe-B 50M had exceeded t w = 100 • C. With the increase of air-gap, the temperature rise in the eddy current plate decreases gradually, and the errors of the two simulation values and the test values decrease. 
3) TEST OF BRAKING TORQUE CHARACTERISTICS UNDER DIFFERENT AIR-GAPS

4) PM DEMAGNETIZATION TEST
To study the demagnetization of PM before and after the continuous braking test, the air-gap flux density of the retarder is measured by a Tesla meter. The test data of air-gap flux density is shown in Table 6 . The temperature of the PM reaches 130 • C after 12 minutes of continuous braking, and the air-gap flux density decreased by approximately 27.2%. The B was measured after the prototype cooled enough and its temperature decreased to the room temperature.
The test data of transient braking torque is shown in Table 7 , which decreases by approximately 24.2% after continuous braking test. The results indicated that during the continuous braking test, the temperature of the PM exceeded its maximum working temperature and demagnetization occurred. We measured the B or T after the prototype was cooled enough and its temperature decreased to the room temperature.
The results of Table 6 and Table 7 show that the error of continuous braking test is larger than that of Table 4 and  Table 5 , which may be caused by the assembly error. The air-gap between the PMs and the eddy current plates is difficult to ensure uniformity during assembly, resulting in the uneven air-gap magnetic field, affecting the measurement of flux density and torque. Also, the simulated temperature is 120
• C, and the tested temperature is 130 • C, which is also the cause of the error increase. However, the error of the decreased rate between simulation data and test data is within 15%, which verifies the validation of the simulation analysis. It shows that the theoretical analysis method of the PM demagnetization can be used to guide engineering practice.
B. VEHICLE TEST
The vehicle test is carried out to verify the actual effect of the PMR. Fig.27 shows the test vehicle equipped with the PMR. The weight of the vehicle is 10 tons, and the eddy current plate rotates with the drive shaft by forced air-cooling. The braking distance s and deceleration a are used as evaluation parameters for braking performance on the level road. Table 8 shows vehicle test data in two working conditions. One is a single brake of the friction brake; another is the blended braking of friction brake and retarder.
When the retarder is used, the braking time is reduced by 36.8%, the braking distance s is reduced by 34%, and the braking deceleration is increased by 1.05m/s 2 . The retarder can be kept at lower operating temperature. The use of PMR can effectively shorten the braking distance and meet the braking requirement. 
VII. CONCLUSION
In this paper, a PMR with step-less adjustable braking torque is proposed. By establishing the dynamic model of the PMR and the electro-magnetic-thermal-fluid multi-physics coupling model, the air-gap magnetic field, fluid field, thermal field distribution and braking torque curve of the retarder are obtained. The results show that the irreversible demagnetization occurred when the retarder continued to brake for 12minutes at the air-gap of 6mm. The relationship between air-gap flux density and braking torque at different temperatures is analyzed by the analytical method and the finite element method. The theoretical analysis method, which uses the dynamic air-gap flux density simulated under different temperature B-H curves and the relationship between the braking torques with the square of air-gap flux density, can predict the influence of PM's irreversible demagnetization on dynamic braking torque, thereby optimizing the design to avoid irreversible demagnetization. The test data of the retarder are in good agreement with the simulation data, which verifies the multi-physics coupling model and the accuracy of the method of demagnetization analysis. The vehicle test shows that when the retarder is used, the braking distance can be shortened by 34%, and the braking deceleration is increased by 1.05m/s 2 .
